Abstract. The outcome of the results of some analyses of electromagnetic emissions recorded by VLF receivers at 6 kHz and 9 kHz over Agartala, Tripura, the North-Eastern state of India (Lat. The spikes distinctly superimposed on the ambient level with mutual separation of 2-5 min. Occurrence number of spikes per hour and total duration of their occurrence have been found remarkably high on the day of occurrence of the earthquake. The spike heights are higher at 6 kHz than at 9 kHz. The results have been explained on the basis of generation of electromagnetic radiation associated with fracture of rocks, their subsequent penetration into the Earth's atmosphere and finally their propagation between Earth-ionosphere waveguide. The present observation shows that VLF anomaly is well-confined between 6 and 9 kHz.
Introduction
There are different models on seismic waves, e.g., ETAS Model (Epidemic Type After Shock model) (Ogata et. al., 1989) , SPM (Stationary Poisson Model) (Console and Murru, 2001) , EEPAS model (Every Earthquake a Precursor According to Scale) Correspondence to: S. S. De (de syam sundar@yahoo.co.in) and Rhoades, 2001 , PPE model (Proximity to Past Earthquake) (Jackson and Kagan, 1999) and on the generation of electric field within the upper atmosphere (Gokhberg et al., 1984; Hegai, 1997, 2002; Fujinawa and Takahashi, 1998) due to seismo-ionospheric coupling phenomena during the occurrence of any strong earthquake (Hayakawa, 1999; Hayakawa et al., 2004; Pulinets et al., 2003) . The emission and propagation of electromagnetic waves from large earthquakes in the ULF-ELF-VLF bands have been reported (Gokhberg et al., 1982; Fujinawa and Takahashi, 1998) . Both precursory and post-seismic variations in ELF-VLF amplitudes and in ionospheric parameters are well-known from satellite-based observations surrounding the earthquake zones (Pulinets, 1998; Shvets et al., 2002; Molchanov and Hayakawa, 1998; Calais and Minster, 1995; Liu et al., 2004) . Electromagnetic anomalies (EA) before the destructive earthquake in Greece covering wide range of frequencies have been analyzed by Eftaxias et al. (2003) . The paper asserts that EA are correlated with the fault model characteristics of the associated earthquake and with the degree of geotectonic heterogeneity within the focal zone. Using the in situ laboratory experiments of rupture and seismological arguments related to Kozani Grevena earthquake on 13 May 1995 in Greece (Lat. 40.2 • N, Long. 21.7 • E), pre-seismic very high frequency (VHF) and very low frequency (VLF) electromagnetic signals have been investigated (Kapiris et al., 2002) . Spiky nature of electromagnetic signals at 3 kHz frequency is detected which is alike with the VLF pre-seismic signals of Kozani Grevena earthquake. In the observations of the 1995 Hyogo-Ken Nanbu earthquake, similar records at VLF frequencies are reported (Yamada and Oike, 1996; Nagao et al., 2002) . Spiky signatures are also reported in the publications of other investigators (Ohta et al., 2001; Izutsu, 2007) . Source to receiver distances of these observations are quite large, results can not be supported by meteorological phenomena. The time evolution of sequences in EA revealed striking similarities to that observed in laboratory acousto-and electromagnetic emissions.
During the strong seismo-ionospheric coupling processes in the earthquake preparation zone, underground gas discharges carry submicron aerosols with them which enhance the intensity of electric field at the near ground due to the drop in air conductivity created by aerosols (Chemirev, 1997; Krider and Roble, 1986) . Seismo-electromagnetic emissions have been observed at low frequency bands in the seismically active zones prior to the incidence of any large earthquake (Nagao et al., 2002) which are different from lightning induced and technogenic emissions. On the event of strong earthquakes, the near ground of the atmospheric layer becomes ionized and generates strong electric field which introduces particle acceleration thereby exciting local plasma instabilities.
Ion cluster mass and plasma concentration during the process of lithosphere-ionosphere coupling vary with the vastness of the earthquake. As a result, the seismoelectromagnetic emissions would be expected to cover almost the whole of ULF-ELF-VLF band. In the process, there will be increase of thermal plasma noise along with other types of emissions, e.g., Cerenkov, and Bremstrallung. This sort of plasma instability at the surface may be assumed to be simulated in dusty plasma (Kikuchi, 2001) .
The Himalayas laterally extends for about 2400 km from Western Kashmir to the Indo-Barman border. The ongoing convergences between the Indian and Eurasian pates has resulted in a very high level of seismicity in this region. In this area of convergence, transpressional tectonics also seems to be operative. A large number of faults have been recognized in the North-West Himalaya of Pakistan. These include faults of very large extent, such as the Main Mantle Thrust (MMT), the Main Boundary Thrust (MBT) and the Himalayan Frontal Thrust (HFT), as well as local faults. According to the map of faults, there are at least 41 active faults in the belt of North-West Himalayas (MonaLisa et al., 2006 (MonaLisa et al., , 2007 (MonaLisa et al., , 2008 The depth of the epicenter of the main shock is 26 km whereas the depth of aftershocks are distributed between 5-20 km, among which most are of depth 10 km. The earthquake occurred in a rupture plane 75 km long and 35 km wide (Pathier et al., 2006; Avouac et al., 2006) . About 147 aftershocks have been documented on the first day after the initial shock, one of which has a magnitude of 6.4. Twenty eight occurred with magnitude greater than M=5 during four days after the main event (MonaLisa et al., 2008 Pakistan) will be presented. The effects of the vast earthquake (M: 7.6) are exhibited through the occurrence of discrete spikes. Numbers of spikes were observed first on 28 September 2005 and continued up to 13 October 2005. Both number of spikes and their intensities as well as durations were found to be changed irregularly and reached the maximum value on the day of occurrence. The signatures ceased gradually and almost ended after 13 October 2005. These commencements may be considered to be precursory and post-seismic effects of this vast earthquake. The records were taken at Agartala which is about 2179 km away from the place of occurrence. The effects at 6 kHz have been found to be more prominent than at 9 kHz records. Observations were taken at Agartala continuously at frequencies 1, 3, 6, 9 and 12 kHz. No such effects had been observed except at 6 kHz and 9 kHz. The data were analyzed and the outcome of the results will be presented.
Instrumentation
The VLF spectra of different frequencies 1, 3, 6, 9 and 12 kHz are regularly recorded over the last several years from Agartala (Lat. 23 • N, Long. 91.4 • E). The signals are processed and are being recorded in a computer. The RMS values of the filtered data are analyzed regularly using Origin 5.0 software. The receiver system mainly consists of (a) Antenna (b) AC amplifier (c) Selective circuit (d) Detective circuit (e) Logarithmic amplifier, and (f) Recording device. The receiver system is presented in Fig. 2 through flow chart. The effective height of antenna is fixed to 8.63 m and the terminal capacitance of the antenna wire is kept at 694 pF.
The experimental set-up, installed at the Tripura University site of Agartala, consists of an inverted L-type antenna to receive vertically polarized atmospherics in the ELF-VLF bands from near and far sources. By selecting the bands, unwanted noise has been reduced. The cut-off frequencies of the low-pass filter and tuning frequencies are different. As for example, to receive atmospherics at 3 kHz, the antenna induced voltage is passed through a low-pass filter with a cut- off frequency of 5 kHz as shown in Table 1 . The filter output is amplified with an AC amplifier using OP AMP IC531 in a non-inverting mode. The gain has been limited within the value to check transients that may trigger sustained oscillations in the amplifier. The amplifier is followed by a series resonant circuit tuned to the desired frequency and a buffer. The selective circuit is a series combination of an inductance and a capacitance.
To ensure high selectivity, the inductive coil is mounted inside a pot-core of ferrite material. The selected sinusoidal Fourier components of atmospherics are then passed to the input of a detector circuit through a unit gain buffer using OP AMP IC531. In the detector circuit, the diode OA79 is used in the negative rectifying mode. The output of the diode is across a parallel combination of resistance and capacitance, so that, the detecting time constant would be 0.22 s. The level of the detected envelope is proportional to the RMS value of the Fourier component.
The detected RMS output is amplified by a quasilogarithmic dc amplifier using OP AMP 741 in the DC mode of operation. The calibration of the recording system has been done using a standard signal generator with an accuracy of ±0.86 dB. During calibration, the antenna was disconnected from the filter circuit and replaced by the signal generator through a capacitance having a value equal to the terminal capacitance of the antenna. At first, the outputs are calibrated in terms of RMS value of induced voltages at the antenna. To get very low signals from the function generator, a dB-attenuator is used. The output is calibrated in terms of values of dB above 1 µV. Then it is converted to an absolute RMS value in units of µV. The absolute value of induced voltage has been divided by the effective height of the antenna to calculate the field strength in µV/m.
The data in the form of RMS value are recorded by digital technique using a data acquisition system. The digital data acquisition system uses a PCI 1050, 16 channel 12 bit DAS card (Dynalog). It has a 12 bit A/D converter, 16 digital input and 16 digital output. The input multiplexer has a builtin over-voltage protection arrangement. All the I/O parts are accessed by 32 bit I/O instructor, thereby increasing the data input rate. It is supported by a powerful 32-bit API, which functions for I/O processing under the Win 98/2000 operating system. The detected RMS voltage has been sampled out at the rate of 1 Hz.
Observations and interpretations
From the VLF sferics at 1, 3, 6, 9 and 12 kHz, which are simultaneously recorded at Agartala (Lat. 23 • N, Long. 91.4 • E) round-the-clock, various features are observed. The monsoon record is highly different from winter records. The difference between daily maximum and daily minimum is of the order of 12-16 dB in monsoon whereas it is 8-13 dB in winter. Data have been collected since February 2005 to January 2008 (three-year period). During our atmospheric monitoring period we observed spikes in IFIA in relation to Muzaffarabad earthquake. Figure 3 depicts the raw data of sferics at 6 and 9 kHz in a meteorologically clear day. Data of 10 months are examined for a period from February 2005 to November 2005 in order to compare the observed anomaly with the period of thunder activity. In the records of integrated field intensity of sferics (IFIS) and even during the period of local rain or overhead shower, spikes are not observed (Fig. 3) . Fig. 6 , where spikes are not seen. Typical records of IFIS at 6 and 9 kHz during a thunderstorm at North Tripura at a distance of 75-100 km is given in Fig. 7 . The arrow mark indicates the onset of rain. Figure 8 shows the enhancement of IFIS during a thunderstorm occurring about mid-day. In the case of distant cloud activity, the level of integrated field intensity of sferics increases. From the data of distant lightning activity for 10 months, it is found that it can only change the level of IFIS and transient variation of sferics signals.
But, some days prior to the vast earthquake at Muzaffarabad (Lat. 34.53 • N, Long. 73.58 • E) on 8 October 2005, remarkable spiky variations at 6 kHz and 9 kHz records are observed. In the time scale, spikes occur in the duration of the order of a few minutes. If the recorded data of 24 h is shown in a full paper, the variation of duration of a few minutes will appear as spikes. The nature of spikes is completely different from the transient variation occurred due to local or far thunderstorms. The rate of sampling of 1 Hz of the DC level is sufficient to detect variation of duration of a few minutes. The spike-heights are high compared to that of ambient spikes of transient variations in sferics sources. Dominant spikes are found to appear first during midnight (Fig. 9) . These large spikes also appeared prominently on 5 October 2005 only in the records of 6 and 9 kHz frequencies which are shown. Number of dominant spikes and duration of their occurrence are found to increase till they showed maximum value on the day of occurrence of the earthquake. The meteorological data has been mentioned here to indicate the fact that even nearby thunderstorms having distance <100 km do not produce distinct spikes in IFIA. So presence of spikes cannot be due to any thunderstorm activity in global scale. This is one supporting reason that the spikes should be due to extra-VLF emission from the earthquake epicenter, then propagating to the surface of the Earth. The appearance of spikes were initially doubtful whether these are the signatures of a geophysical phenomena or local noise. The first point is that the experimental site has been selected to keep the receivers away from the man-made noise. The experimental site is in ru- Fig. 7 . A typical record of sferics at 6 kHz and 9 kHz during a thunderstorm over North Tripura at a distance 75-100 km. The arrow mark indicates the onset of rain associated with thunderstorm. Fig. 8 . A typical record of sferics at 6 kHz during a thunderstorm over North Tripura at a distance 75-100 km. ral place, 10-12 km away from the nearest town. So, there is no question of man-made noise. The electric wiring in the concerned building were thoroughly checked to detect any fault which could have produced discharge giving spikes in the record. No such fault was present there. The spikes are in some cases present during post mid-night. At post mid-night, there cannot be any possibility of man-made noise since the locality is purely a rural place, free from even small and large industries. It is worth-mentioning that occasionally a few isolated spike-type noise signals, i.e., transients are present in the records and these were due to operation of electrical equipments. The nature of these transients and their chracteristic separations are completely different from various known effects, e.g., solar flare effect, meteor shower In the cases of earthquake related events, the spikes maintain an interval of the order of 2-5 min on an average. The spikes produced by thunderstorms are associated with remarkable variations in base level and spikes are also extended downward. The spikes related to earthquakes are distinct from each other and the base level remains almost constant and not extended downward.
Number of spikes per hour above the ambient level was found to be very large and the height of spikes above the ambient value is also remarkably high. The huge magnitude of spikes commenced a few days prior to the day of occurrence of the earthquake. It may be realized as the precursors of the earthquake. The intensity of spikes gradually reduced and almost ceased after 13 October 2005. The effects at 6 kHz have been found to be remarkably high than at 9 kHz.
Some typical features of the records during the period between 28 September 2005 and 18 October 2005, are presented in Figs. 9 to 12. The spectral analyses of the recorded data for the period considered are given. The results are shown in Table 2 .
The variations of spike intensity per hour before and after the earthquake have been depicted by bar graphs (Figs. 13-14) . It is seen that on the day of occurrence, the response at 6 kHz is much higher than at 9 kHz. Both precursory and post-earthquake effects are found to be different at these two frequencies. Gokhberg et al. (1979) observed anomalous increases in electromagnetic radiation at 27 kHz, 385 kHz and 1.63 MHz before a large main shock (M: 7.4) of the Iran earthquake in a tunnel of 50 m below the ground in Caucasus. Gokhberg et al. (1982) also observed similar increase in electromagnetic radiations at 81 kHz before some earthquakes. In laboratory experiments, electromagnetic radiation associated with fractures of rocks has been detected (Ogawa et al., 1985) . The occurrence of anomalous electromagnetic noises at 163 kHz for a few hours to several days before and after the main shocks of shallow earthquakes in island areas or shallow sea regions are reported (Oike and Ogawa, 1986) . Impulsive electromagnetic noise bursts of seismogenic emission at 82 kHz and 1.525 kHz are recorded at frequencies below 1.5 kHz prior to earthquake (Takeo et al., 1992; Gokhberg et al., 1982) . All these observations and analyses of seismogenic emissions are found to be related to large rock crushes (Yoshino, 1989) . The penetration characteristics of electromagnetic emissions from an underground seismic source into the atmosphere, ionosphere and magnetosphere have been thoroughly discussed (Molchanov et al., 1995) . A report of pulse-like electromagnetic signals associated with earthquakes in the frequency range 1-10 kHz is given by Asada et al. (2001) . The association of the VLF emissions with the occurrences of earthquake is inferred from temporal correlation study between the direction of arrival of VLF signal and that of the epicenter. With four cases, the maximum of VLF activity was found during 1-4 days before the earthquake. The fact that the time of maximum VLF emission does not coincide with time of maximum shock in earthquake must be considered to constitute an important information in the VLF emission mechanism. Underground water diffusion in a region associated with deformation of the crust prior to earthquake raises the electrical conductivity in the crust (Ishido and Mizutani, 1981) . Thus in order to explain the electromagnetic radiation associated with earthquakes and volcanic activities, one has to calculate the attenuation of ELF/VLF waves in dry crust and wet soil. 852 S. S. De et al.: Effects on atmospherics at 6 kHz and 9 kHz recorded at Tripura The electric field of electromagnetic waves may be expressed as
Discussion
where k is the wave vector given by k 2 = εµω 2 − j σ µω, where ω is the angular wave frequency; r, the radial vector from the radiation source; µ, the permeability; ε, the dielectric constant and σ is the electrical conductivity. The complex wave number is given by k = α + jβ , (α > 0,β≥0), α represents the propagation constant and β is the attenuation constant. The attenuation constant is derived as
= 1/δ for σ/εω 1, where δ is the skin depth. The dielectric constant is expressed by ε = ε o ε r , where ε o = 1/(36π × 10 9 )F /m is the dielectric constant or permittivity of free space and ε r is the relative permittivity. The magnetic permeability µ is usually approximated by the permeability of vacuum µ o = 4π ×10 −7 H /m, if the material concerned is not ferromagnetic. Relative permittivities ε r of the material concerned are as follows: 1 for gas, 80 for water at 20 • C, and 55 for water at 100 • C. The electric conductivities σ of the material concerned are as follows: 10 −2 mho/m for wet soil and 10 −5 mho/m for dry crust. The expression of β = 1/δ can be properly used for electromagnetic wave attenuation below 100 kHz in wet soil and below 10 kHz in dry crust. For frequencies from 100 Hz to 10 kHz, the attenuation of electromagnetic waves in dry crust is less than 4 dB/km, S. S. De et al.: Effects on atmospherics at 6 kHz and 9 kHz recorded at Tripura while it is from 17.3 dB/km at 100 Hz and above 100 dB/km at 1 kHz in wet soil. Therefore, if electromagnetic radiation is generated in dry crust by rock fractures over a vast region before and after the main shock of a shallow earthquake, anomalous electromagnetic waves will be observed even in the VLF band.
The present observation is only confined at 6 kHz and 9 kHz. The poor presence of spikes below at 1 and 3 kHz is probably due to much propagational attenuation of these frequencies in the Earth-ionosphere waveguide.
Conclusion
From the present study we may draw the following conclusions:
1. The generation of EM waves prior to and during severe earthquakes can produce spiky variations in IFIA at the receiving station at distances of the order of a few thousand km. The morphological structures of spikes are the characteristic feature related to earthquakes.
2. In the case of dry earth crust, only upto 10 kHz frequency of EM wave generated in the shock region can come upto the surface without much attenuation. After that EM waves launched into the Earth-ionosphere waveguide in which the 6 kHz and 9 kHz are less attenuated compared to 1 and 3 kHz.
3. The paths from after-shock regions to the Earth's surface are different for different hypocenters, and the strengths of different after-shocks are different. So, the uneven distributions in intensity of spikes are observed as in Figs. 13-14.
